A common factor in landslide activation (or reactivation) is subsurface moisture and associated pore pressure variations linked to rainfall. Monitoring of these subsurface hydrogeological processes is necessary to improve our understanding of water-induced landslide activation. Geophysical approaches, electrical methods in particular, are increasingly being applied to landslide monitoring because they provide non-invasive spatial information in heterogeneous subsurface environments that can be difficult to characterise using surface observations or intrusive sampling alone. Electrical techniques are sensitive to changing subsurface moisture conditions, and have proven to be a useful tool for investigating the hydrogeology of natural and engineered slopes.
Introduction
If the effects of landslides are to be mitigated and avoided then landslide activation and reactivation mechanisms must be better understood. One way of developing a better understanding of landslide activation events is by monitoring subsurface changes during the period leading to activation. The most common change in the subsurface leading to activation (or reactivation) is the movement of water and associated pore pressure variations, which in turn are closely linked to antecedent rainfall conditions (Moore et al., 2007; O'Brien et al., 2007) .
If changes in slope hydrogeology can be observed in advance of activation then an early warning of slope movement may be possible. The moisture content, and therefore propensity to fail, of natural soils is directly affected by climatic, seasonal and environmental factors such as rainfall amount and intensity, as well as evapotranspiration. Intense rainfall and rapid infiltration is widely accepted as one of the principal landslide triggers as slope materials show a reduction in mobilised strength with changing water pressure and associated effective stresses (Friedel et al., 2006; Dijsktra and Dixon, 2010; Dijkstra et al., 2014) . In addition, a major contributing factor in clay slope instability is the dissipation of pore suction associated with elevated moisture content (Lourenco et al., 2011; Toll et al., 2011; Merritt et al., 2016) .
Many landslide warning systems rely on the use of rainfall thresholds (Tiranti and Rabuffetti, 2010; Reid et al., 2012; Papa et al., 2013; Segoni et al., 2015) , but there is a growing appreciation that direct observation of water in the subsurface is also desirable (Intrieri et al., 2013; Stahli et al., 2015) . This is because the link between rainfall events and failure can be complex, requiring an understanding of both long-term antecedent weather conditions and subsurface heterogeneity (Dijsktra and Dixon, 2010; Take and Bolton, 2011) . In recent years monitoring of landslide processes by geoelectrical methods has become more common (Perrone et al., 2014) . Examples include short-term studies using electrical resistivity tomography (ERT) to intensively monitor simulated rainfall events on vulnerable slopes to determine subsurface moisture variation in controlled conditions (Travelletti et al., 2012; Lehmann et al., 2013) . Studies using ERT to monitor landsliding under natural conditions over a period of months have revealed the link between subsurface moisture distribution and rainfall, and demonstrated the ability of this approach to observe dynamic and complex hydrogeological processes in landslide systems (Lebourg et al., 2005 (Lebourg et al., , 2010 Jomard et al., 2007; Bièvre et al., 2012; Supper et al., 2014; Gance et al., 2016) . Longer term multi-year studies have also been described. Uhlemann et al. (2017) describe the use of four-dimensional ERT to monitor an active landslide over a 3 year period, showing the relationship between increasing subsurface moisture content and failure events. However, the high spatial and temporal resolution presented here focuses on shallow landslide (re)activation to place emphasis on the movement patterns of the type of landslide commonly affecting infrastructure assets (Loveridge et al., 2010) . Palis et al. (2017) used three-dimensional (two-dimensional (2D) image plus time) ERT monitoring over a 2 year period to distinguish between moisture driven processes above and below the base of the landslide. In addition, and of particular relevance to this study, they correlated raw apparent resistivity measurements (i.e. unprocessed measurements) from their 2D line of ERT electrodes with subsurface moisture changes associated with individual rainfall events as well as longer term seasonal changes. These previous investigations reveal that time-lapse electrical measurements are a useful tool to observe hydrogeological processes due to their sensitivity to moisture content variation, and therefore have the potential to provide information on moisture driven landslide activation mechanisms.
The aim of this study is to investigate the benefits of applying a multi-sensory system, incorporating novel-geophysical monitoring, which records in near-real-time both environmental inputs and the resulting subsurface response. Presented here are the results of nearly 5 years of high-temporal resolution geoelectrical and environmental monitoring of a periodically active inland landslide located within landslide-prone Liassic rocks of the UK -representing one of the longest-term geophysical monitoring studies of an active landslide. To the best of our knowledge this is the only study where spatially distributed (i.e. using a grid of electrodes rather than a linear array) raw electrical resistance data have been used to monitor an active landslide using fully automated data acquisition. The overarching objective of this investigation is to utilise electrical resistance monitoring measurements to advance the understanding of complex landslide activation mechanisms, and is achieved through integration and analysis of monitoring campaign results. The sensitivities and benefits of using rapidly-generated resistance measurements, that only require minimal manipulation and without time-consuming inversion modelling are highlighted.
Hollin Hill study site
The study site is a landslide located in the UK county of North Yorkshire 20 km north of York and 11 km west of Malton (Dixon et al., 2014; Merritt et al., 2014) Present at the study site is a complex landslide system that exhibits a variety of landslide types and activity, with WMF being the most susceptible to instability (Jones and Lee, 1994; Foster et al., 2007) . The landslide system extends ~250 m laterally along the hill slope beyond the limits of the study site. Several types of slope failure can be observed at the test site, with the landslide system described as 'a very slow to slow moving multiple earth slide -earth flow' (Chambers et al., 2011) . The whole system would correctly be referred to as a complex landslide (Cruden and Varnes, 1996) . However, as the focus of this study requires the differentiation between earthflow and earthslide regions of the landslide system, the landslide will be referred to using this terminology.
The landslide system has been the focus of previous geotechnical and geophysical investigations (Chambers et al., 2011; Gunn et al., 2013) , including assessment of landslide structure, activation timings (Smith et al., 2014; Uhlemann et al., 2015b) , conceptual model development (Merritt et al., 2014) and ERT monitoring (Uhlemann et al., 2017) . The earthflow region of this landslide system is the most frequently active (Figures 1 and 2 ), with movement rates of up to 3.5 m per year observed since monitoring began in 2008 (Uhlemann et al., 2017 . The earth flows are composed of highly weathered WMF, characterised as a high plasticity clay, with a thickness of up to approximately 5 m (Merritt et al., 2014) . Failure surfaces are predominantly within the upper 2 m of the earth flows, but there is evidence of deeper failures surfaces at the base of the earthflows (Uhlemann et al., 2015b) . et al., 2010; Chambers et al., 2015) was deployed on site. The remotely configurable system can be interrogated by wireless telemetry from the office via GSM (GPRS or 3G) or wireless internet link. Via this link pre-programmed data acquisition schedules are uploaded and measurement results downloaded.
The system is powered by high-capacity batteries which are recharged by a combination of wind-turbine, solar panels and a methanol fuel cell. The ALERT sensor arrays were arranged in five parallel lines each comprising 32 stainless steel electrodes, creating a grid of 160 electrodes.
The electrodes were located 0.1 m below the ground surface. Electrode lines are orientated downslope, i.e. 165°S, having a 9.5 m line spacing and 4.75 m electrode spacing. Thus, the monitoring grid covered an area of 147.25 m by 38 m. The ALERT system is designed to measure electrical transfer resistances using four-point measurements, comprising a current dipole (i.e. pair of electrodes) used to inject current, and a potential dipole that is used to measure the resulting potential difference. The system automatically undertakes measurements using predefined combinations of electrodes within the monitoring grid. Resistance measurements were acquired, using a standard dipole-dipole array configuration, on an alternating daily basis with occasional gaps due to system, battery, electrode array, or telemetry failure. The first resistance measurements were taken on 11/07/2008.
Electrode position interpolation
Electrode arrays at the study site are buried just below the ground surface. This was to prevent damage to the arrays by the livestock that graze the site. Consequently, when ground movement occurs the exact positions of the electrodes are not known; therefore a method to derive the bestestimate of electrode positions is required (Wilkinson et al., 2010 (Wilkinson et al., , 2015 Uhlemann et al., 2015a ).
An estimate of the location of electrodes, and therefore dipole-dipole measurement array size, is important when interpreting resistance measurements, so that resistance changes associated with movement can be differentiated from those associated with changing moisture conditions. Significant electrode movements (i.e. tens of cm) cause significant measurement variation, i.e. moving electrode closer together will lead to a smaller resistance, while moving them apart will lead to a higher measured resistance (Wilkinson et al., 2010) . Also, accurate electrode location information is required in the modelling steps used to temperature correct resistance measurements (see following section).
Electrode positions are estimated using a known set of reference points (i.e. a coarse grid of GPS benchmarks), following an approach by Uhlemann et al. (2015a) . From the reference points the electrode locations can be estimated using a piecewise planar interpolation scheme, where movements are assumed to be represented by the location changes of three non-collinear reference points. Uhlemann et al. (2015a) show that by using this methodology, electrode movements can be estimated to about 10% of the electrode spacing, thereby removing significant movement related artefacts from the resistivity data.
Temperature correcting transfer resistances
Where time-lapse electrical resistance data are being compared over several months, it is important to correct measurements for the seasonal variation in subsurface temperature distribution (Hayley et al., 2010) . This is necessary because the electrical resistance of rock and soil is not only sensitive to moisture content, but also temperature (Brunet et al., 2010) .
Therefore, without removing the effects of temperature variations from the electrical measurements it is difficult to differentiate between moisture and temperature driven changes.
The method used here to correct the time-lapse transfer resistance data for temperature variations is a two-stage process. First, the temperature variation within the subsurface is approximated by a simplified homogeneous model subject to a yearly sinusoidal temperature variation at the ground surface (Brunet et al., 2010; Chambers et al., 2014) . The solution to the heat equation (Cannon, 1984) for this model is given by (1) where TMOD is the subsurface temperature at day t and depth z, TMAT is the mean annual air temperature, A is the peak-to-trough magnitude of the annual air temperature variation, d is the characteristic depth of the temperature variation, φ is a constant phase offset, and ω is the angular frequency (2π/365 day -1
). The constant phase offset ensures that the surface temperature is in phase with the air temperature. Seasonal subsurface temperature changes were recorded over a 2 year period using vertical arrays of temperature sensors at three locations on the landslide site (see Figure 1 ), and were fitted to Equation 1 to define the temperature model (Chambers et al., 2014) . The fitted parameters are listed in Table 1along with the RMS misfits between the modelled and measured temperatures. Four separate models were fitted, one each for data from the individual locations and one for data combined from all three locations (which was the model used to correct the resistance data). For simplicity, the parameters were assumed to be independent of position and time. The misfit values are quoted for the 2 years of available data. Table 1 . Fitted parameters for the temperature models using data from the individual (T1,T2,T3) and combined locations (All), Equation (1 The second step is to correct the transfer resistances for the seasonal temperature variations. This involves assuming a linearised model for the variation of resistivity with temperature which is given by where c is the percentage resistivity change per °C, which is typically c ≈ −2.0°C −1 (Hayley et al., 2007) . To calculate the temperature-corrected transfer resistance Rtc, it is assumed that the seasonal variations due to temperature changes are small compared with the overall range of the resistances due to the resistivity structure of the ground. This is a similar approach to that taken by Hayley et al. (2010) . A further simplifying assumption is made that, for a given measurement configuration, the ratio of Rtc to the uncorrected (measured) resistance R can be approximated by (3) where Rh and Rv are modelled transfer resistances for the same configuration. Rh is the transfer resistance resulting from a homogeneous half-space of resistivity ρh, and Rv is that resulting from a 1-D layered model where the variation of resistivity with depth is given by Equation (2) with ρ(TMAT) = ρh and T = TMOD as given by Equation 1. Ratio corrections such as these have previously been used to model the effects of other types of small perturbations (e.g. those due to topography, Tsourlos et al. (1999) ). The use of a 1-D model allows the correction factors to be calculated rapidly (Ingeman-Nielsen and Baumgartner, 2006) as a function of time. Therefore, for each measurement configuration, the temperature-corrected transfer resistance is given by (4) The process of temperature correcting transfer resistance data for the analysis of subsurface physical processes adjusts raw data by +/-0.04 Ω, depending on whether modelled subsurface temperature is higher or lower than the averaged modelled subsurface temperature for the depth of interest. When comparing raw transfer resistance data with temperature corrected resistance data (e.g. Figure 3 ), it is apparent that the raw data varies much more seasonally, and is systematically higher in winter and lower in summer than temperature corrected data. There is a lag of ~1.5 months between weekly air temperature and resistance change (∆Ω), which is due to the time taken for air temperature changes to propagate to the median depth of investigation (see Equation 1 ). 
Transfer resistance monitoring
The geoelectrical monitoring campaign comprised 695 geophysical surveys of all five lines during the four years and nine months of monitoring equating to 1740 days of monitoring, with ERT surveys performed on average every 2.5 days. The results of the geoelectrical monitoring campaign are a series of 'raw' transfer resistance measurements, which were corrected for the effects of subsurface temperature variation. Each dipole-dipole transfer resistance measurement presented here was performed using a four-electrode arrangement of adjacent electrodes, comprising two current (C) and two potential (P) electrodes arranged in the following order, C2-C1-P1-P2. Each four-electrode array had a length of 14.25 m and a median depth of investigation of 1.9 m. Measurements were performed using all available C2-C1-P1-P2 combinations of along each of the five lines. Open in figure viewer PowerPoint Geoelectrical monitoring of landslide deposit results throughout the 4.75 year hill slope monitoring period (July 2008 -March 2013 . Subsurface ground conditions and environmental inputs are also presented in the form of piezometry and rainfall, respectively. NB: Piezometry and resistance data not present during several periods due to technical issues. Total rainfall refers to the observed rainfall at the site. Effective rainfall was calculated from the total rainfall using the Hargreave's method (Hargreaves and Allen, 2003) , which accounts for the effects of evapotranspiration. [Colour figure can be viewed at wileyonlinelibrary.com]
Environmental monitoring and modelling

Rainfall and evapotranspiration
Rainfall was monitored at the research site (see Figure 1 (b) for rain gauge location) by 0.1 mm tipping-bucket type rain gauge to complement the results of the geoelectrical monitoring regime with soil moisture input information. Rainfall data are presented as 2-week running mean (Figures 4 and 6), weekly total and weekly effective rainfall, with the latter requiring the estimation and removal of potential evapotranspiration effects, in mm/day, from total rainfall records using Hargreave's method (Hargreaves and Allen, 2003) . Note that effective rainfall can be either positive (i.e. moisture input from rainfall exceeds moisture loss due to evapotranspiration causing an increase in soil moisture) or negative (i.e. moisture input from rainfall is less than moisture loss from evapotranspiration resulting in drying of the near surface).
Piezometric levels
Stand-pipe and water level loggers (Solinst Levelogger Junior Edge) were installed on each earthflow and recorded groundwater level from September 2009. A borehole was advanced to depths of 2.85 m and 2.8 m on the western and eastern lobes, respectively. These depths were chosen in order to place the active zone of the piezometers in the vicinity of the depth to predicted shear surfaces, which were determined using cone penetration testing (CPTU) downhole tool measurements (Gunn et al., 2013) . A 19 mm uPVC pipe, fitted with a 0.9 m slotted, porous piezometer tip was installed in each stand-pipe (see Figure 1 for location). Each hole was backfilled with clean sand to 1.95 m and 1.75 m below ground for the western and eastern piezometer, respectively, forming an active zone that allows for monitoring of the pore water pressure in the vicinity of the slip surface (located at 1.6 m depth on the eastern lobe). The remainder of the borehole was backfilled using bentonite granules to ensure sealing. 
Ground movement
Ground movement and estimates of landslide activity were derived from GPS measurements of benchmarks, as described in the electrode position interpolation section (see also Uhlemann et al., 2015a, b) , and from tilt meter records (Uhlemann et al., 2015b and 2017) . These records provide evidence of landslide activation and very slight slope displacements, which began early to mid-July 2012.
Results
Overview
To our knowledge, the application of temperature-corrected electrical resistance measurements to observe the hydrogeological precursors to shallow landslide activation has not previously been reported in the literature. Therefore, the content of the results section aims to provide a complete analysis of the processes taking place within the shallow subsurface throughout the monitoring period. The results section is divided into four sections; the first, presents general geophysical observations of general hillslope processes, while the second and third sections focus on earthflow activation processes at both high-temporal and high-spatial resolutions, respectively.
The landslide system is divided into several regions based on the hydrogeological behaviour.
These regions were formulated through integration of monitoring datasets.
General monitoring results: 2008-2013
Baseline data on landslide movement and environmental conditions were established in this period (Figure 4) . Table 2 contains a summary of general hillslope and earthflow monitoring observations. Statistical analysis of piezometric levels and TC-res data reveal strong negative correlation coefficient of -0.65 (Schumann, 1998), while a P-value of <0.001 confirms that there is significant correlation between the two datasets. Note that the lag between the piezometric and resistivity data was taken to be zero since observed lags in similar studies have only been significant on timescales of hours to days (Chambers et al., 2015) . The results from the four measurement locations respond to 'wet' and 'dry' periods to different degrees. 
Pre-reactivation and reactivation monitoring: 2011-2013
Temperature corrected resistance results in the 14 months leading to earthflow activation are presented in Figure 6 and reveal several additional trends associated with progressive landslide activation processes. July 2011 was preceded by a three month period of negative effective rainfall and so is characterised by low piezometric levels and some of the highest TC-resistances recorded during the monitoring period (ML1 has resistance ratios close to 1.4). July and August 2011 see resistances fluctuate yet remain high, in response to two periods of rainfall. These rainfall events are not sufficient to raise the piezometric level and so the piezometer remains constant at 77.6 m AoD. Piezometric levels rise slightly at the end of August 2011 in response to rainfall at a time when the ALERT array was not fully functional. 
Pre-reactivation and reactivation monitoring by zones: 2011-2013
The landslide system is divided into zones based on their electrical responses to environmental inputs. The landslide zones are shown on Figure 8 , and Table 2 is a summary of interpreted hillslope hydrogeological behaviours. In brief, Zones 1, 2 and 3 are defined as the Backscarp, Head and Sag Pond, and Upper Body, respectively. These three zones display relatively small changes in resistance over the period, which is possibly due the low permeability clay soil and a relative lack of fissuring resulting in more consistent moisture retention. No significant decrease in resistance is observed in the months preceding landslide activation, although a small drop in resistance and greater variability accompanies the period of landslide movement towards the end of 2012. Zone 4 is defined as the Lower Body and Flow Lobes, and displays a steady drop in resistance in the months preceding landslide activation, which is in accordance with the resistance measurements shown in Figure 6 . This is the most active region of the landslide system, with the greatest degree of fissuring. Zone 5 is defined as Between Flow Lobes and is a stable region of well drained SSF. 
Discussion
Processing of raw resistance measurements
Plotting of raw transfer resistance monitoring data -without any form of processing -revealed that subtle resistance changes are masked by seasonal air temperature variations which propagate into the subsurface. This is a significant limitation for the monitoring and investigation of shallow landslides (<5 m). It will have less impact on deeper landslide systems in temperate
climates. The sinusoidal nature of transfer resistance variation in response to air temperature variation acts to reduce resistance in the summer months when air temperature is higher than the annual average temperature and increases resistance in the winter months when air temperature is lower than the annual average.
Temperature correcting raw resistance monitoring results using the method proposed by Hayley et al. (2010) makes interpretation of resistance results for shallow landslides much simpler as one major external process which affects resistance seasonally has been modelled and removed. By altering the procedure outlined by Hayley et al. (2010) to model a correction ratio for every transfer resistance measurement, as opposed to modelling a single correction factor and applying it to all transfer resistances, the method was adapted to be more applicable to monitoring landslides, because measurement electrode geometries change when landslides activate.
Subsurface environmental conditions
The main trends observed in temperature corrected resistance data include: TC resistance ratio highs during periods of low piezometric levels, and conversely, resistance ratio lows when piezometer levels are high. The eastern earthflow resistances reveal that some small rainfall events are not identified by piezometry but are responsible for small changes in resistance and, are attributed to the transfer resistances being sensitive to shallow moisture content and that piezometer observations only provide point data in the landslide system.
Resistances measured on the upper body of the landslide change more slowly in response to negative effective rainfall (i.e. drying). This is likely to be the result of fewer tension cracks within the slump section of the landslide, and them rapidly annealing after rainfall. Given that the main scarp of the slump transmits surface runoff into the earthflow systems the presence or absence of cracking here influences reactivation strongly. The upper body of the slumped region ( Figure 1, Figure 8 -Zone 3, Figure 9 ) dips less steeply than earthflow regions, precipitation therefore has the time to penetrate the subsurface, and runoff only occurs after crack annealing has taken place. This small resistance variation observed at this region is attributed to the soil moisture varying very little throughout the year. Its small resistance variation and lack of rainfall infiltration flow pathways potentially indicates that the slump region of the landslide holds on to its moisture and doesn't freely release it like the heavily cracked earthflow region. Resistance monitoring results were compared with piezometer measurements of the eastern earthflow region. Correlation coefficients between the two datasets suggest a negative correlation (-0.65) between piezometry and electrical resistance response. Therefore, as piezometric level rises due to rainfall infiltration the electrical resistances generally decrease, which is similar to the behaviour reported by Lebourg et al. (2010) in a short-term landslide monitoring study in sandy clay materials. However, it should be noted there are deviations from this pattern in the data that have not previously been observed; for example in the month preceding activation piezometric levels show a consistent drop (albeit from a three year peak), whereas over the same period a drop in resistance is observed followed by a period of increase. This is discussed further in the following section. . This is due to desiccation cracks being conduits for fluid to enter the subsurface. Furthermore, these cracked earthflow regions retain very little rainwater and as a result resistances in these regions rise and fall sharply.
These observations accord with those of Bièvre et al. (2012) in that the geophysical signatures of fissure dynamics are similar and indicate that preferential flow is occurring; however, the longer term spatial monitoring presented here has shown a greater range of fissure behaviour (crack formation and annealing) and more variable drainage associated with longer term spatial monitoring over many seasonal cycles in a more complex landslide system.
Earthflow reactivation mechanisms
The sensitivity of the resistance monitoring system to soil moisture accumulation and piezometric level variation highlights an interesting process taking place in the months preceding earthflow reactivation (Figures 6 and 9 ). The system successfully identified the fall in piezometric levels up to June 2012 (Figure 6 ), which manifested as an increase in resistance up to this point. However, as described in the previous section, the two measures deviated from one another shortly in advance of landslide reactivation; despite significant rainfall, piezometric levels dropped, while resistance decreased. The drop in piezometric levels leading up to landslide reactivation was unexpected, as increased pore pressures are widely recognised as a key driver of landsliding (Iverson and Major, 1987; Malet et al., 2005; Handwerger et al., 2013) . However, the observed decreases in measured resistances (or increases in moisture content) to a 24 month low are consistent with landslide reactivation. The deviations between the two measures are likely to be related to subsurface heterogeneity and sampling volume; the resistance measurements are sampling a significant volume of ground below a 14.25 m array, whereas the piezometer is sampling a much smaller volume of ground, and is, therefore, likely to be more effected by very local heterogeneities and fissuring. Given that the piezometer is recording perched water levels within highly disturbed (and potentially mobile) earthflow material above permeable bedrock (Figures 2 and 9) , it is probable that local fissure flow and drainage along failure planes caused the anomalous declining water levels observed from June to August 2012. This is supported by Gunn et al. (2013) , who reported water and washed out fine material emerging from the slip surfaces at the earthflow toes during periods of activation. Likewise this is also consistent with observations on other slow moving landslide where the role of fissuring, including the dynamic opening and closing of flow pathways, is seen to significantly influence ground water movement (Van Asch et al., 1999; Bièvre et al., 2012; Krzeminska et al., 2013) .
By September 2012 continuing rainfall resulted in increased piezometric levels once again as resistances briefly fall during September and October 2012. From November 2012 piezometric levels are high (approaching ground level) and result in larger, deeper, more rapid earthflows activating. November onwards marks a time when electrodes are mobilising and is represented on temperature corrected plots as divergence and jumps in resistance values.
It should be reiterated at this point that the principal mechanism controlling movement of slow moving earthflows involves fluctuating pore pressures associated with changing groundwater levels. Increasing deformation rates generally follow a rise in these water levels that results in an increase in pore pressures, a concomitant loss of effective stress and thus a lower shearing resistance in these earthflows, particularly along bounding failure surfaces (Terzaghi, 1950) .
When associated with transitions from partial to full saturation, instability is compounded by increased loading of the landslide mass (Varnes, 1978) .
Summary of findings
Analysis of the results of this investigation reveals several new contributions to the understanding of landslide hydrogeological processes and resistance monitoring. These are stated in Table 3 . This investigation provides the longest term analysis of electrical resistance data for landslide monitoring that we are aware of in the literature, and extends the pioneering resistance monitoring work of Lebourg et al. (2010) and Palis et al. (2017) by providing spatial data from a grid of electrodes (rather than linear arrays) and detailed consideration of both the influence of temperature and electrode motion.
Compensating for temperature effects and accounting for electrode movements was shown to be essential in interpreting the geophysical events, as both of these processes can mask the moisture driven processes that the resistance monitoring system is designed to observe.
The spatial element of the monitoring described here was also shown to be highly significant.
Landslides invariably display heterogeneous ground conditions with complex hydraulic processes, which can be difficult to characterise using point sampling or linear monitoring arrays.
The spatial geophysical monitoring presented here provides information on how the landslide system as a whole responded to fissuring events, rainfall infiltration and changes in piezometric levels. This greatly assisted in identifying and characterising the different zones within the system (e.g. Figure 8 and Table 4 ). Region retains soil moisture throughout period due to slight back-tilt of beds, shading by backscarp and reedbeds.
Upper Body
Small resistance changes throughout the year.
July to February is equal to baseline. March to June is higher than baseline.
Water Crucially, this study confirms the suitability of spatially distributed, temperature corrected resistance monitoring for landslide early warning by analysing multi-year variations in geophysical properties, which have permitted us to identify precursors to failure events. The sensitivity of this approach to changes in subsurface water distribution, and piezometric levels in particular, is key to its success because it can therefore observe the principal activation mechanism of slow-moving shallow earthflows, i.e. the reduction in effective normal stress due to increasing pore water pressures.
The capability of observing increased moisture content with time provides a powerful tool to reveal hill slope hydrogeology, infiltration and landslide activation mechanisms. The technique highlights great potential to provide early warning of imminent slope failure when combined with additional a priori geotechnical data. Specifically, it provides a simple, fast, and noninvasive means of using resistance time-series data in order to monitor the moisture dynamics of landslide prone slopes thereby providing early warning of failure events.
